Background: Posterior fixation alone may not be adequate to achieve and maintain burst fracture reduction. Adding screws in the fractured body may improve construct stiffness. This in vitro study evaluates the biomechanical effect of inserting pedicle screws in the fractured body compared with conventional short-and long-segment posterior fixation. Methods: Stable and unstable L2 burst fractures were created in 8 calf spines (aged 18 weeks). Constructs were tested at 8 Nm in the intact state and then with instrumentation consisting of long-and short-segment posterior fixation with and without screws in the fractured L2 vertebral body after (1) stable burst fracture and (2) unstable burst fracture. Range of motion was recorded at L1-3 for flexion-extension, lateral bending, and axial rotation. Statistical analysis was performed with repeated-measures analysis of variance, with significance set at P Ͻ .05. The data were normalized to the intact state (100%). Results: Both long-and short-segment constructs with screws in the fractured body significantly reduced motion compared with the stable and unstable burst fracture in flexion-extension and lateral bending. Fracture screws enhanced construct stability by 68% (on average) relative to conventional short-segment posterior fixation and were comparable to long-segment posterior fixation. Conclusions: Screws at the fracture level improve construct stiffness. Short-segment constructs may suffice for stable burst fractures. More severe injuries may benefit from fracture screws and can be considered as an alternative treatment to long-segment constructs.
The choice of treatment for thoracolumbar burst fractures remains controversial. The ideal operative approaches are also disputed 1, 2 ; however, a common surgical goal is to obtain the most stable fixation with fusion of the fewest segments possible. Short-segment constructs (short-segment posterior fixation [SSPF] ) are the most common treatment for thoracolumbar burst fractures. 1, 3, 4 Short-segment constructs consist of transpedicular screws, 1 level above and below the fractured vertebra, with interconnected rods. Reports on the use of SSPF for burst fractures describe high rates of failure of fixation and kyphotic collapse. 1, [3] [4] [5] [6] [7] The primary causes of the failure include poor fixation because of osteoporosis, inadequate anterior column support, and insufficient points of fixation. 7 Increasing the fixation level decreases the stress on each pedicle screw and lowers the chance of failure. This may be achieved by using long-segment constructs (long-segment posterior fixation [LSPF]) connecting 2 or 3 levels above and below the fractured vertebra. Although lower failure rates have been reported with this technique, 1, 3, 8 LSPF may result in potentially extraneous instrumentation and increased risk of complications.
Additional anterior column stabilization using strut grafting, mesh cage plates, body augmenters, 1, 9 and transpedicular bone grafting in conjunction with vertebroplasty/kyphoplasty with calcium phosphate cement or polymethyl methacrylate 1,10 has also been used in an effort to lower failure rates. An alternative treatment is placement of pedicle screws at the fracture site (SF) to share the load while limiting the number of motion segments fused. 3, 4 Reinforcement with SF has been shown to provide better kyphosis correction and immediate stability in patients with thoracolumbar burst fractures. 4 This theoretically minimizes the number of fused motion segments, but the stability offered by such constructs compared with conventional LSPF and SSPF constructs and those with additional anterior column augmentation is yet to be determined. A few biomechanical studies have evaluated the stability offered by placement of pedicle screws at the fracture level. 3, 11 These studies, however, did not compare the stability offered by this type of construct with that of conventional LSPF. Other studies have compared the biomechanics of either LSPF versus SSPF or SSPF with anterior column augmentation but did not include a fracture screw combination. 10, 12 In this study we determined the difference in biomechanical stability offered by conventional LSPF versus SSPF with screws at the fracture site. Two different degrees of burst fractures were created to simulate stable and unstable burst fractures. It was hypothesized that fracture-level screws combined with SSPF provide stability comparable to conventional LSPF.
Methods

Specimen preparation
Eight fresh-frozen calf thoracolumbar spines (T12-L5, aged 18 weeks) were used in the study. The spines underwent radiography in the anteroposterior and lateral planes to ensure the absence of any major anatomic abnormalities. We dissected the specimens by carefully denuding the paravertebral musculature, avoiding disruption of spinal ligaments, joints, and discs. Each spine was potted rostrally at T12 and caudally at L5 in a 2:1 mixture of Bondo auto body filler (Bondo MarHyde Corp., Atlanta, Georgia) and fiberglass resin (Home Solutions All Purpose; Bondo MarHyde Corp.). It must be noted that unlike human spines, there are 13 thoracic and 6 lumbar vertebrae in a calf spine (Fig. 1) .
Flexibility testing
Each spine was fixed to the load frame of a custom-built 6-df spine simulator, and a pure moment was applied to the construct through servomotors. 13 The design of the load frame enables unconstrained motion of the spine in response to an applied load. There was no compressive preload applied to the specimen. Three infrared light-emitting diodes, mounted non-collinearly on a Plexiglas plate, were rigidly attached to the anterior aspect of each vertebral body (except for L2) and served as points for motion measurement. Three-dimensional motion was tracked with a motion analysis system (Optotrak Certus NDI, Inc., Waterloo, Ontario, Canada). Each of the test constructs was subjected to 2 load-unload cycles in each of the physiological planes, generating flexion-extension (FE), right-left lateral bending (LB), and right-left axial rotation (AR) load-displacement curves. A load control protocol 14 was used to apply a maximum moment of 8 Nm at a rate of 1°/s. 15 The 3-dimensional intervertebral rotation was obtained from the motion analysis data files in the form of Euler angles (degrees) about the X, Y, and Z axes, with R x /-R x, R y /-R y , and R z /-R z denoting FE, AR, and LB range of motion (ROM), respectively. 13 
Burst fracture creation
To create a burst fracture at L2, multiple drill holes were created at the anterior and lateral cortex of the L2 vertebral body to ensure reproducible fracture at L2. Then, each vertebral body was compressed at 50 mm/min 8 in a material testing machine (MTS Bionix, Eden Prairie, Minnesota) ( Fig. 1 ). Visual observation of the test was conducted to check for sudden changes in the load-displacement curves generated by initiation of the fracture. A sudden increase in flexibility indicated a burst fracture. The axial load required to observe this sudden increase was, on average, 4501 Ϯ 255 N (Fig. 2) . The procedure was repeated until disruption of the anterior and middle columns of the vertebral body was seen on lateral X-rays, confirming creation of a burst fracture (BF I) (Fig. 3) . Posterior elements (except pedicles) were disrupted by use of a scalpel, and the posterior column was subsequently disrupted following a procedure similar to BF I creation, producing an unstable burst fracture (BF II). The pedicles were left intact intentionally, to facilitate placement of pedicle screws into the fractured vertebra.
Stabilization of fracture
Stabilization of the fractured vertebral body was achieved with bilateral pedicle screw and rod constructs (REVERE; Globus Medical, Inc., Audubon, Pennsylvania). LSPF and SSPF with and without screws at the L2 level (SF) (Fig. 4) were compared for stability after BF I and BF II.
Study design
Each spine was tested for stability at L1-3 in the intact condition to obtain baseline values. After intact testing, constructs were stabilized using LSPF, as well as SSPF with and without screws at L2 (SF), and were tested for flexibility after (1) BF I and (2) BF II. In each tested condition, the specimens were subjected to pure moments of 8 Nm in FE, LB, and AR. The data were normalized to the intact condition (100%).
Data analysis
Statistical analysis was performed on raw data by use of a repeated-measures analysis of variance for independent samples followed by Tukey post hoc analysis for multiple comparison procedures. Significance was set at P Ͻ .05.
Results
All constructs were examined after testing, and none showed any visible signs of damage, loosening, or breakage. The means and standard deviations for ROM in FE, LB, and AR are presented in Table 1 . The results in Table 1 are presented in the sequence in which they were tested. 
Flexion-extension
Comparative ROM values for the various surgical constructs are shown in Fig. 5 and Table 1 . ROM was significantly reduced for all instrumented constructs compared with BF I and BF II conditions. Adding screws at L2 improved construct stability by 41% and 33% over conventional SSPF after stable (BF I) and unstable (BF II) burst fractures, respectively. The SSPF construct with screws at L2 provided comparable stability to conventional LSPF after stable and unstable burst fractures.
Lateral bending
Comparative ROM values for different surgical constructs are shown in Fig. 5 and Table 1 . As with FE, mean ROM was significantly reduced in LB for all instrumented constructs compared with BF I and BF II conditions. A trend similar to FE was observed, with long-segment constructs providing increased stability compared with shortsegment constructs. The addition of screws at L2 improved construct stability by 48% and 5% over conventional SSPF after stable and unstable burst fractures, respectively. The SSPF constructs with screws at L2 provide improved stability over conventional SSPF. However, the conventional LSPF constructs were stiffer than SSPF constructs with fracture screws.
Axial rotation
Comparative ROM values for tested surgical constructs are shown in Fig. 5 and Table 1 . Unlike FE and LB, instrumented constructs did not significantly reduce mean ROM after stable burst fractures (BF I). The addition of screws at L2 restored motion close to intact, and motion decreased by 29% and 27% over conventional SSPF after stable (BF I) and unstable (BF II) burst fractures, respectively. The reduction in motion with conventional LSPF (BF I ϩ LSPF) was similar to that obtained with SSPF with screws at L2 (BF I ϩ SSPF ϩ SF). Pedicle screws at L2 in combination with SSPF showed equivalent biomechanical stability compared with conventional LSPF.
Discussion
Increasing the fixation level is hypothesized to decrease the stress on each pedicle screw and lower the chance of failure. 3, 4 This may be achieved by use of long-segment constructs, but this requires fusing of multiple motion segments and larger incisions, with an increased risk of complications. An alternative method is to include screws at the level of the fracture. Supplemental screws may have a protective effect on the fractured vertebral body by indirectly supporting the anterior column. 4 In this study a shortsegment construct with pedicle screws at the fracture site (L2) showed equivalent biomechanical stability compared .5) NOTE. All of the instrumented constructs significantly reduced the mean ROM compared with stable (BF I) and unstable (BF II) constructs in FE and LB. No significant differences were found within the instrumented constructs in any of the loading conditions. * Significant compared with intact condition. with a conventional long-segment construct in any of the loading conditions. It also showed improved stability compared with a conventional short-segment construct in all loading conditions. Previous studies have shown the benefits of pedicle screws for maximum stabilization over the length of the entire construct. 16 -19 Similar trends were observed in FE and LB in an in vitro biomechanical study conducted by Mahar et al 4 comparing short fusion constructs with and without screws at the level of the fracture. The study also reported that the construct stiffness was significantly higher in AR with use of screws at the fracture level. The difference in results could be because of different specimens and the nature of the simulated burst fracture in these studies. In another biomechanical study, Baaj et al 11 also reported that adding screws at the fracture level of short-segment constructs significantly improved stability during flexion and LB. In addition, the study showed that the stability provided by a short-segment construct was less than that provided by a long-segment construct with or without screws at the fracture site. In a prospective randomized clinical study consisting of 72 patients, Guven et al 3 reported that reinforcement with fracture-level screws provided better kyphosis correction and immediate stability in patients with thoracolumbar burst fracture. The use of screws at the level of the fracture in short-segment constructs may thus be used as an alternative to long fusion constructs.
One limitation of our study is the calf spine model. Previous biomechanical and anatomic studies showed similarities between calf and lumbar spines with regard to physical and mechanical properties, establishing the suitability of calf spines as substitutes for human spines for in vitro studies. 20, 21 Moreover, it has been shown previously that the use of calf spines as models for human spines in flexibility testing may be valid if the parameter of primary interest is ROM. 15 The study is also limited by not accounting for fatigue from cyclical loading or the effect of graft healing that may be observed in vivo. Our results warrant further investigation.
Burst fracture is one of the most frequent thoracolumbar injuries; however, the definition of a thoracolumbar burst fracture is dependent on the choice of fracture classification used by the treating physician. In this study 2 types of burst fracture were created, BF I and BF II. In BF I the posterior elements were preserved, thereby simulating a stable injury as described by Holdsworth. 22 To simulate a more severe burst fracture (BF II), the posterior column and the posterior elements were disrupted, obtaining an unstable burst fracture as described by Whitesides 23 and Denis. 24 Furthermore, the fractures created in this study had 30% to 60% comminution of the body and 2 mm of displacement of fracture fragments or greater in over 50% of the cross-sectional area, which corresponded to a 5-point score according to the load-sharing classification of McCormack et al. 25 In our study all instrumented constructs improved stability of the burst fracture segments beyond that of the intact state in FE and LB but not in AR. The burst fracture segments showed the most instability in AR, even for the instrumented segments. Additional fixation and/or anterior column augmentation did not restore the stiffness to the intact level in AR. Our results are consistent with those of Slosar et al 26 and Mann et al, 27 who found that posterior instrumentation increased stability beyond that of the intact spine only in flexion and LB while showing that the surgical construct was less stable than the intact spine in AR. Chang et al 28 reported similar observations in an L3 corpectomy model with a 3-level transpedicular fixation system. It was further noted in our study that unstable burst fractures (3-column burst fractures, BF II) were significantly less stiff than stable burst fractures (2-column burst fractures, BF I) after instrumentation, and this effect was more pronounced in AR. Similar results were reported by Slosar et al. Previous authors have shown that the use of cross-linkage in spinal fusion constructs increases torsional stiffness. 29 In our study short-segment constructs with screws at the fracture level alone brought the mean ROM back to intact. Thus rotationally unstable fractures may require cross-links or additional fixation for stiffness reconstruction.
Conclusions
Long fusion constructs provided better immediate stability than short fusion constructs. Insertion of pedicle screws at the level of the fracture increased construct stability. Short fusion constructs may suffice for stable-type injuries; however, more severe injuries and rotationally unstable burst fractures may require additional fixation. The technique of using shorter fusion constructs with additional fixation points at the level of the fracture, where applicable, may be a viable option for treatment of thoracolumbar burst fractures that would otherwise prompt anterior column reconstruction or long posterior fusion constructs.
